Resume. - a) the properties of layer undulations in a sample of finite thickness ; b) surface waves ; c) the effects occurring when a smectic film is squeezed between two plates. The latter may be of importance in understanding the stabilizing effect of smectic mesophases on emulsions or foams.
1. Permeation. -The smectics with which we are concerned here are layered materials, each layer being a two dimensional fluid [I] . These phases fall into different types : we shall consider only the simplest type (smectic A) and also, sometimes, the cholesteric phases, where one dimensional stratification is also found, but on a much larger scale (-- its own weight). 8 -duidr is thetilt angle of the layers.
There are only a few direct measurements giving the permeation constant 1, but dimensional arguments suggest that 1, = c/b2 yl* (1.2)
where c is a numerical constant of order unity, b is the small dimension of the constituent molecules, and v* is a viscosity for molecular motion normal to the layers. Of course the flow field v, does not extend exactly up to the wall, but drops in fact near the wall, inside a small adjustment layer of thickness K-' where ic is given by : K = ( i P 4 ' )-'/2. (1.3)
On the whole, the Helfrich permeation process, where the same molecules play both the role of the filter and of the filtered species, is quite remarkable. Its conceptual similarity with the motion of vacancies in a crystal has been pointed out in a fundamental article by Martin, Parodi and Pershan [5] . The capillary experiment of figure 1 is the simplest theoretical Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1975151 example of permeation : but in practice it does involve some complications, which we shall present now. a) How are the smectic planes anchored at the walls ? Rugosities of the limiting surface, comparable in size to the interlayer distance d, will probably cause rather strong anchoring. Irregularities on this scale are easy to obtain when d -30 A (smectics) but much less pronounced when d -1 p (cholesterics). For the latter it is tempting to use as walls optical gratings with a repeat period comparable to d. However, even with this trick, all attempts to observe permeation in cholesteric single domains have apparently failed.
6) The reason for this is probably related to the deformability of the layers [7] . We shall now analyse the displacement u(r) of the smectic layers (measured along the capillary axis z) under an imposed pressure gradient p'. For a non constant u, the layers are tilted by an angle 8 = du/dr (Fig. 1) . The distance between them is reduced by a factor cos 8
Thus we have a negative dilation y = -02/2 and an elastic energy per cm3 [2, 81 : where B is an isothermal rigidity coefficient.
The free energy per unit length along z may then be written simply as where p' is the imposed pressure gradient and R is the radius of the tubes. Eq. (1.5) omits the curvature energy of the smectic [2] : the latter can be shown to be negligible (in most of the sample volume) whenever the layer displacement u in the center is large when compared to d ; this will be the case for the applications which we have in mind. Writing that (1.5) is a minimum leads to the equation
The parameter which is most accessible to optical observation is the tilt angle where K, is the Frank constant for twist, and q, the wavevector ofthecholesterichelix. With K, = dynes and q, = 10' cm-', B= lo4, and (keeping r = 1 mm) 0 -0.2 rad : even under its own weight, the cholesteric will distort its planes very strongly. An instability will probably appear when 0(R), as given by eq. (1.8), becomes of order unity.
A few words of comment on eq. (1 .5) and (1.7), (1.8) might be needed at this point : a) An attentive reader will have noted that eq. (1.8) gives a plot 8(r) which is singular near the center of the capillary : this is unphysical, and is due to our neglect of curvature terms in the elastic energy. When these terms are properly included, the singularity is smoothed out.
6) The boundary conditions at the capillary wall may fix not only the position of the planes, but their orientation, e. g., the planes may have to be locally normal to the wall. This problem is also solved by insertion of the curvature energy [8] , and it is found that the adjustment to the correct orientation at the walls takes place in a thickness 1/8,(R) where i is a length defined in ref. [9] , and 8,(R) is the angle which would be estimated from the simplified formula (1.8).
For most practical situations the adjustment thickness is small when compared to R, and eq. (1.8) is applicable in a large range of r values.
Thus permeation in cholesterics is probably observable by direct capillary experiments only if the pressure gradient is very small -in which case the flow is very slow. Other experimental arrangements, where the planes do not have to be anchored, can be imagined ; in particular, it should be possible to drive the fluid in a planar cholesteric texture through buoyancy forces, using distributed heat sources. However, the resulting flow velocities remain rather small, and the experiment seemshard [lo] .
On the other hand, it has recently become apparent that many flow problems in smectics are very sensitive to permeation processes -the latter taking place only in certain thin boundary layers [ll] . We shall summarise briefly the relevant arguments in the next section.
The 4 power occurring in (1.8). has remarkable consequences : although the pressure gradient p' is very small on a molecular level, 8 may be sizable. For instance with p' -lo3 CGS units (corresponding roughly to a smectic falling under its own weight), r = 1 mm, and B = lo8 ergs/cm3, we are led to 8 -rad -4 degree. In cholesterics, the situation is much more spectacular, because B is small [9] . , smectic layers are assumed unperturbed and parallel to the plate. Consider a fluid element which was initially at a distant point A,, and later reaches point A (very close to the plate). Its original velocity was V, and its final velocity must be small, since it is so close to a fixed obstacle. Thus the pressure p at point A must be higher than the pressure at distant points such as A , (the latter pressure may be chosen equal to 0). The high pressure region will extend up to a distance 6 from the plate : this distance measures the size of the boundary layer. At larger distances the flow is essentially unperturbed. We shall see in a moment that the steepest variations of u, take place along z, i. e. in a thin layer of thickness 6. Thus we may put and rewrite (2.3) in the form Eq. (2. l), (2.2), (2.5) are compatible provided that
where K -I (defined by eq. (1.3)) is a molecular length.
We are interested in values of x which are much larger than K -I . Eq. (2.6) then shows that We see that the boundary layer is thin. Typically for x = l o p and K-' = 10 A we expect 6 = 1 000 A -large enough for continuum theories to be meaningful, but too small to be observable optically.
MOTIONS OF FLOATING BODIES AND OF DEFECTS.
-Let us now describe some (more or less) practical applications of the boundary layer concept. One first question is to find what is the analog of Stokes' law for the mobility of a sphere (radius R) floating in the smectic medium. Reference [l 11 contains a discussion of this problem, restricted to one rather artificial case : namely it is assumed that the smectic planes remain ideally flat all around the sphere. It is there found that if the sphere moves with a velocity V parallel to the planes, the friction force F is still of the Stokes type -except for a small difference in coefficients : This is essentially due to the fact that the flow lines can avoid the sphere without crossing the smectic planesno permeation is involved. On the other hand, if the sphere moves normal to the planes, the friction becomes enormous
(2.8) Thus, in spite of its artificial character, this example does illustrate the protean behavior of smectics.
A more realistic example of a moving object is a dislocation. The theoretical structure of edge dislocations (far from the core) has been analysed [12] . Dislocations where the Burgers vector b is much larger than d a r e more easily observed by optical means, and have indeed been found recently [13] . They are probably of the type shown on figure 3. Their mobility has At this stage, we may come back to the problem of the floating sphere and make it slightly more realistic : assume for instance that the smectic planes must constantly be parallel to the surface of the sphere. Then, if the sphere radius R is not too large (I), we may have the arrangement shown on figure 4, with an equatorial dislocation loop of radius RL slightly larger than R. The layers inside a sphere of radius R, form an onion which is practically impermeable. Since RL is not very different from R, the mobility of the onion should still be qualitatively given by eq. (2.7), (2.8) : the realistic model does not differ widely in its predictions from the original model of reference [ll] . In an infinite medium, this deformation leaves the layer thickness unaltered : the restoring force is entirely due to curvature elasticity, and is very weak. Thus where q, = nD-', D being the sample thickness. the sample, the permeationless motion described by eq. (2.12) does occur : the simple analysis is correct in practice.
2.4 SURFACE WAVES. -In nematic fluids, the capillary waves have been carefully studied by light scattering [16] : they are not very different from surface waves in isotropic liquids, except for an anisotropy in the damping. In smectics, the surface waves represent a much more delicate problem, both for the theorist and the experimentalist.
One first non trivial requirement is to have a really flat free surface, without any Grandjean Terrace [I] . Assuming that this is achieved, will the thermal amplitudes of the capillary waves be large enough for light scattering studies ? (a smectic is intermediate between a liquid and a solid ; the scattering by thermal waves at a liquid surface is visible, but the corresponding effect in a solid is very small).
The answer to this question depends very much on the sample thickness D. For D -t oo the scattering intensity should be of the liquid type, as can be shown by a purely static calculation (static properties control the intensity of the light scattering) : the only effect of the smectic elasticity is to renormalise the surface tension A [9] The frequency spectrum of the scattered light (for a given q) has been calculated recently by A. Rapini [17] ; the results do depend significantly on the physical boundary conditions at the interface. Here we shall only consider the case of smectics proper, where it is plausible to assume that no new layers are created (or destroyed) during the oscillation (2). Then, for a fixed q, there is one dominant mode, with amplitudes varying like e" eiqx ei"'(where z is the normal to the interface). The dominant mode has the following features : a) Inertial effects are negligible (This differs strongly from isotropic liquids). 6) Permeation is negligible. c) The pressure gradients are small, and the main restoring force g is derived from the elastic energy. It is parallel to ( z ) and given by [2] ( 2 ) This would not be true for cholesterics.
The force g is balanced by viscous friction :
(2.18) Also it will turn out that I s I < q, and thus V2vz = (sZ -q2) u, r -. q2 v, . where TM is a Maxwell relaxation time
Having characterised the dominant mode, we can proceed to discuss the intensity. One useful intermediate (just as in the case of bulk nematics [18] ) is a response function ~( q o ) , giving the displacement zq induced by an external pressure distribution p,,,, proportional to eiqX ei"". The response function is found where z ( q o ) is an effective surface tension, given explicitly by a natural extension of eq. (2.14)
The explicit form of s(qo) is found in eq. (2.21). Note that s, x a n d x are complex numbers. The prescription to derive the light scattering spectrum I from 1 is simply [18] :
This leads to a rather complicated form for the spectrum. The main qualitative conclusions are : a) The spectrum at fixed q and variable o should not show oscillation peaks, but only damped waves (in strong contrast with isotropic or nematic liquids where capillary oscillations are often visible [16] ).
b) The linewidth A o of the central peak can be roughly estimated by equating real and imaginary parts in the eq. (2.21) for s2. A o is then essentially equal to the relaxation rate l/z, for the bulk undulation mode (eq. (2.1 1) ).
We must emphasize that the dominant mode described here does not satisfy all the required boundary conditions at the interface (in particular the condition on tangential stresses). But boundary layers come again to our help, and lead to an adjustment in a very small thickness (qu)-'I2.
Finally, in connection with surface waves, we should mention briefly the problem of gravitational instabilities : namely, if we put a heavy liquid (e. g. mercury) on top of a smectic, will the system be unstable ? The answer for planar samples is that they should be stable --except if their thickness became larger than -1 kilometer ! But with cholesterics or twisted nematics, in suitable arrangements, some amusing effects could be expected on the laboratory scale [19].
3. Squeezing a smectic between two plates. -3.1 THE CONVENTIONAL THRUST BEARING. -Let US start with a drop of an isotropic liquid, squeezed in the gap (of thickness D(t)) between two solid plates, by a constant force F. This is a classical problem of low Reynolds number hydrodynamics ; a complete discussion can be found for instance in reference [20] . We shall first summarize the argument for this simple case. The drop has a large radius R(t). It is essentially incompressible and thus R~ D = W = constant. (3.1) The pressure p is of order FIR2, and the pressure gradient (between the symmetry axis and the edge of the drop) is of order FIR3. This induces a radial Poiseuille flow in the gap, with velocities of order dRldt. The balance of radial forces is of the form Using (3.1) to eliminate R this can be integrated to give where C , is a numerical constant. How does this law extend to smectics ? We shall discuss this in two separate cases : a) for a large sample, in terms of continuum theory, 6) for small objects (in view of applications to the stabilisation of emulsions) in terms of dislocations.
SQUEEZING A LARGE SAMPLE. -What we call
large is a smectic sample, with D --100 p and R --I mm. We assume that this is a single domain (except possibly on the periphery) the smectic planes being parallel to the walls, and that the permeation coefficient A, is non vanishing (this probably excludes certain systems such as lipid + water).
Upon squeezing, we expect a boundary layer of thickness 6 to appear near each plate. According to -The remarkable efficiency of certain smectic phases, for the stabilisation of emulsions and foams, has been pointed out by Friberg and coworkers [21] . Here we are dealing with a small number of layers (typically 10) between two smootl~ surfaces (droplets or bubbles). The two surfaces attract each other by van der Waals forces. In the simplest case (no retardation) the resulting pressure is where A is the relevant Hamaker constant, and D is the gap thickness [22] .
Thus we are again dealing with a squeezed smectic. but the physics is rather different, for the following reasons : a) Permeation is probably very weak in the amphiphilic systems of interest.
6) During contraction a certain number of smectic planes must be eliminated.
This elimination should involve edge dislocations as shown on figure 6, located either in the bulk, or most probably near the limiting surfaces of the smectic, For the thick samples of the last section, the glass surfaces limiting the smectic are rather irregular on the scale of say 30 a : the irregularities may act as nucleation centers for dislocation loops, and the elimination of smectic planes is probably not a serious bottleneck : thus the continuum picture may have some validity. On the other hand, the thin layers which we are considering now are bounded by very smooth surfaces (liquid or air). Nucleation of dislo-cations is then a very slow process, and may well If we choose for instance the form (2.6) for the control the stability of the system. We shall now pressure, we have a rate of the form describe this nucleation in very simple terms. The energy associated with one loop of radius r is expected to be of the form where b (-d) is the Burgers vector, and yL is a line tension. The exact value of y, would depend on whether the line is close to one limiting surface or not. In any case we expect y to be comparable to a Frank constant K --dynes. The energy E(r) is a maximum for YL r = , . * = -bp (3.8) and the corresponding energy barrier is
Here we shall be concerned with the case where the permeation is a strong obstacle to the flow. According to section 3, this corresponds to the limit where the boundary layers close to each plate are uncoupled (3). The problem is then solved by considering a semi-infinite slab submitted to a constant force F (for the geometry see Fig. 7 ). The force 
7;
balance equations for the fluid, in the limit of low E* = ~( r * ) = n --. bp (3.9) Reynolds number and neglecting inertial terms, are
The relative rate of decrease of the thickness is of the form The refa actor u should be proportional to the size where V, and u, are respectively the gradient operator of the nucleation region, but as usual with such pro-and the velocity, in a plane perpendicular to the blems, the exact value of U is unimportant, and we may take for UID a typical molecular frequency I/r,. [ 
